ABSTRACT
INTRODUCTION
After the invention of field oriented control (FOC) [1] algorithm, the induction motor drives are becoming popular in many industrial applications. But, the FOC is more complex due to the usage of reference frame transformation. To reduce the complexity of FOC, a simple control technique known as direct torque control (DTC) is invented by Takahashi in 1980s [2] . Though the operating principles of FOC and DTC are different, both techniques give effective control of flux and torque. These two control strategies have been implemented in many industrial applications successfully. The detailed comparison between FOC and DTC is given in [3] . Due to the absence of reference frame transformations, DTC is simple when compared with the FOC. Though DTC gives superior torque performance, it gives variable switching frequency of the inverter and large steady state ripple in torque, current and flux.
To improve the torque and current ripple, several pulsewidth modulation (PWM) algorithms have been developed by several researchers. A detailed survey of these PWM algorithms is given in [4] . These PWM algorithms can be classified into two categories such as triangular comparison approach and space vector approach. However, the space vector approach is more popular as it offers more advantages when compared with the triangular comparison approach [5] - [6] . Hence, the space vector PWM (SVPWM) algorithm is attracting many researchers nowadays. Though the SVPWM algorithm based DTC gives reduced harmonic distortion when compared with the conventional DTC, it gives dominating harmonics around the switching frequency. Hence, the acoustical noise of the motor is more. To reduce the acoustical noise of the drive, recently, random PWM (RPWM) algorithms are becoming popular. Various type of RPWM algorithms have been discussed in [7] - [10] . The RPWM algorithms randomize the pulse pattern or switching frequency by using a random number generator.
The standard SVPWM algorithm distributes the zero state time equally among the two possible zero voltage vectors. By utilizing the freedom in zero state time distribution various PWM algorithms can be generated as explained in [11] - [19] . In many applications an efficient PWM algorithm is required, which gives less harmonic distortion and acoustical noise. Hence, in recent years many researchers have been concentrated on the harmonic analysis of PWM algorithms. To calculate the harmonic analysis of the algorithms a time domain analysis has been given in [11] - [16] , [18] - [19] by using the notion of stator flux ripple and current ripple. However, the PWM algorithms, which are discussed so far, use the angle and sector information, which increase the complexity involved in the algorithm. To reduce the complexity, a novel approach is presented in [17] - [19] by using the concept of imaginary switching times. This paper presents a simplified hybrid random PWM algorithm, which uses two switching sequences and selects one sequence in each sampling time period that results in reduced harmonic distortion.
PROPOSED SWITHCING SEQUENCES
To reduce the complexity involved in the SVPWM, the proposed switching sequences are developed by using the concept imaginary switching times. The imaginary switching times are proportional to the instantaneous values of the sampled reference phase voltages. These can be calculated as. (2)- (4) . [18] 
Thus, the active state and zero state times can be calculated in a simple by using imaginary switching times.
However, the SVPWM algorithm distributes the zero state time equally in every sampling time period. By utilizing the unequal distribution of zero voltage vector switching times, various PWM algorithms can be generated. To generate the proposed switching sequences, the zero state time durations can be modified as various PWM algorithms can be generated. The SVPWM and DPWMMAX algorithms can be generated for  =0.5
and 0 respectively. These algorithms use 0127-7210 and 721-127 sequences in the first sector and so on. In each sampling time interval, the SVPWM algorithm has three number of switchings and whereas for the DPWMMAX algorithm is two. Hence, to get the same average switching frequency of the inverter, a sampling time interval is taken as T T s  for the SVPWM algorithm, while
for the DPWMMAX algorithm.
PROPOSED HYBRID RPWM ALGORITHM

Analysis of Harmonic Distortion
The total harmonic distortion (THD) of the line current is a widely used measure for the quality of current waveform. The quality of the line current waveform can be directly determined in time domain by integrating the ripple voltages. This method of analysis can be applied for any PWM switching sequences. In the space vector approach, the reference voltage vector is constructed in an average manner but not in an instantaneous manner. The actual value of the stator voltage differs from the applied voltage. Hence, there is always an instantaneous error voltage vector. The error voltage vector is defined as given in (6) 
where ' k ' is the th k voltage vector. The active voltage vectors (V 1 ,V 2 ,...V 6 ) can be defined as
The ripple voltage vectors and trajectory of the stator flux ripple can be represented in a complex plane as shown in Fig. 1 . 2 
. 
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By employing (14) , the modulation index and angle dependent mean square stator flux ripple of SVPWM and DPWMMAX algorithms can be easily computed and graphically illustrated as shown in Fig. 2 -Fig. 4 . 
Proposed Hybrid RPWM Algorithm
From the stator flux ripple characteristics, it can be observed that at lower modulation indices, the SVPWM algorithm gives superior performance whereas at higher modulation indices the DPWMMAX algorithm gives superior performance. To minimize the harmonic distortion in the line current, the rms stator flux ripple over every sampling time period should be reduced. The development of proposed PWM technique for reduced harmonic distortion involves determination of superior performance for each sequence. The zone of superior performance for a given sequence is the spatial zone within a sector where the given sequence results in less mean square stator flux ripple than the other sequence considered.
In the proposed PWM algorithm, in every sampling time period the rms stator flux ripples are compared with each other and the sequence, which has less rms stator flux ripple is applied to minimize the total harmonic distortion (THD). As the proposed PWM algorithm randomize the time duration of zero state time, it gives spread spectra and gives reduced amplitude for dominating harmonics around switching frequencies. Hence, the acoustical noise of the induction motor also can be reduced. Thus, the proposed PWM algorithm uses the DPWM algorithms in conjunction with SVPWM algorithm.
PROPOSED HYBRID RPWM BASED DTC
The block diagram of the proposed hybrid RPWM algorithm based DTC is as shown in Fig. 5 . In the proposed method, the d-axis and q-axis components of the reference voltage vector can be obtained as follows:
Reference values of the d-axis and q-axis stator fluxes and actual values of the d-axis and q-axis stator fluxes are compared in the reference voltage vector calculator block and hence the errors in the d-axis and q-axis stator flux vectors are obtained as in (18) - (19) . where, T s is the duration of subcycle or sampling period and it is a half of period of the switching frequency. These d-q components of the reference voltage vector are fed to the PWM block. In PWM block, these two-phase voltages then converter into three-phase voltages. Then, the switching times are calculated. 
SIMULATION RESULTS AND DISCUSSION
To verify the proposed hybrid RPWM algorithm, the numerical simulation studies have been carried out using MATLAB. For the simulation studies, the average switching frequency of the inverter is taken as 5 kHz. The steady state plots of conventional DTC methods are shown in Fig. 6 and corresponding line current harmonic spectra is shown in Fig. 7 . From Fig. 6 -7 , it can be observed that the conventional DTC gives large ripple in torque, flux and current. Moreover, the harmonic distortion is also high. To overcome these drawbacks, SVPWM algorithm is used for DTC. The steady state plots of SVPWM algorithm based DTC are given in Fig. 8 and the harmonic spectra of line current is given in Fig. 9 . From the harmonic spectra, it can be observed that the SVPWM algorithm gives considerable amplitude of dominating harmonics around switching frequency. Hence, the SVPWM algorithm gives more acoustical noise/electromagnetic interference. Hence, to reduce the acoustical noise and harmonic distortion, a simplified hybrid RPWM algorithm is proposed in this paper. The simulation results at various conditions such as starting, steady state, step change in load change and speed reversal for proposed hybrid RPWM algorithm based DTC are shown from Fig. 10 to Fig. 14 . From the simulation results, it can be observed that the proposed PWM algorithm gives good performance when compared with the SVPWM algorithm. Moreover, the proposed hybrid RPWM algorithm gives wide spread harmonic spectrum and gives reduced amplitudes of dominating harmonics. Hence, the proposed PWM algorithm gives reduced acoustical noise and reduced harmonic distortion when compared with the SVPWM algorithm. 
CONCLUSIONS
In earlier days to reduce the drawbacks of conventional DTC technique, SVPWM algorithm is used. As the SVPWM algorithm gives considerable dominating harmonics around switching frequency, it generates more acoustical noise and gives more harmonic distortion. Hence, to reduce the acoustical noise and harmonic distortion, a simplified hybrid RPWM algorithm is presented in this paper for direct torque controlled induction motor drive. The proposed PWM algorithm selects suitable switching sequence based on the stator flux ripple value. Thus, the proposed PWM algorithm gives randomization of zero state time. Hence, the proposed PWM algorithm gives spread spectra and gives reduced amplitude of dominating harmonics when compared with the SVPWM algorithm. The simulation results confirm the superiority of proposed PWM algorithm when compared with the SVPWM algorithm.
